Acoustic impedance of perforations in contact with fibrous material, as well as air alone, is experimentally determined in the absence of mean flow. Different porosities ͑2.1, 8.4, 13.6, and 25.2 %͒ and hole diameters ͑0.249 and 0.498 cm͒ are applied for perforations, along with two fiber filling densities ͑100 and 200 kg/ m 3 ͒ to illustrate the effect of variations in such parameters on the perforation impedance. A modified impedance tube setup is developed for the measurement of the acoustic impedance of perforations in contact with fibrous material, and the air alone. The complex wave-number and characteristic impedance of the fibrous material are also experimentally obtained in this study to utilize such properties for the calculation of acoustic impedance of perforations in contact with the material. The experimental results show that both resistance and reactance of the perforations in contact with air decrease as the porosity increases. It is also shown that the fibrous material significantly increases both the resistance and reactance. For a given filling density, both resistance and reactance decrease as the porosity increases, except for the specific samples with highest porosity ͑25.2%͒.
I. INTRODUCTION
Perforated ducts are often used in reactive silencers to control the acoustic performance, guide the flow and reduce the flow losses, and influence the sound quality through suppression of flow noise from abrupt cross-sectional area changes. In dissipative silencers, perforated ducts are also utilized to protect the absorbing material, while modifying the acoustic characteristics by adding mainly reactance to the impedance. The predictions for both types of silencers rely on the acoustic impedance of perforations. This impedance is dependent on the perforation geometry ͑porosity, shape and size of holes, wall thickness, and distance between holes͒, the flow field ͑grazing and through flow͒, sound pressure level, and the medium in contact with the perforation. The complexity of the perforation impedance confines the analytical approaches only to simple perforations, and experimental methods are often used to obtain the impedance. While the acoustic characteristics of perforations in contact with air alone are relatively well established primarily by experimental work ͑refer, for example, to Sullivan and Crocker, 1978͒ , only limited studies on perforations facing absorbing material are available.
The acoustic impedance of perforations in contact with air alone has been extensively investigated, for example, by Ingard ͑1953͒, Sullivan and Crocker ͑1978͒, Melling ͑1973͒, Dickey et al. ͑2000, 2001͒, Dean ͑1974͒, Rao and Munjal ͑1986͒, and Cummings ͑1986͒ . An empirical formulation of the perforation impedance by Sullivan and Crocker ͑1978͒ has been widely used in the linear regime in the absence of mean flow. Melling ͑1973͒ and Dickey et al. ͑2000͒ considered the impact of high amplitudes on the perforation impedance. In the nonlinear regime, the resistance and reactance of the perforation impedance are shown to increase and decrease, respectively, with the acoustic velocity. The effect of grazing mean flow on the impedance was studied by Dean ͑1974͒, Rao and Munjal ͑1986͒, Cummings ͑1986͒, and Dickey et al. ͑2001͒ . Grazing flow is generally observed to decrease reactance and increase resistance of the perforation impedance.
Studies have also been conducted on the acoustic impedance of perforations facing fibrous material in the absence of mean flow, which may be categorized as analytical, experimental, and semiempirical. The analytical work has considered the effect of fibrous material on the perforation impedance. For example, Bolt ͑1947͒ considered the mass reactance of perforations facing the absorbing material. He concluded that the addition of perforations to the absorbing material generally increased the absorption coefficient at low frequencies, while decreasing it at high frequencies. Later, Ingard and Bolt ͑1951͒ illustrated the effectiveness of perforations at low frequencies through an increase of the resistance. They concluded that a combination of absorbing material and perforations formed a Helmholtz resonator. Ingard ͑1954͒ emphasized the increase of resistance by the addition of perforations and the effect of an air gap between the perforations and absorbing material. His analysis showed that the air gap between the perforations and facing material nar-rowed the effective frequency range of absorption coefficients. The experimental work on the acoustic characteristics of perforations combined with an absorbent is confined to determining the surface acoustic impedance or the absorption coefficient, rather than the perforation impedance. Having considered the perforations facing absorbing material as a Helmholtz resonator, one of the earlier works by Callaway and Ramer ͑1952͒ showed that the air gap between the perforations and absorbing material increased the absorption coefficient for a very low duct porosity ͑1.23%͒. Later, Davern ͑1977͒ experimentally illustrated the effect of porosity and wall thickness of the perforations, absorbing material density, air space, and the impervious layer between perforations and absorbing material on the absorption coefficient. The semiempirical studies first measured the perforation impedance in the absence of fibrous material, then empirically incorporated the acoustic properties of the material to account for their effect on the perforation impedance. Kirby and Cummings ͑1998͒ presented a semiempirical impedance formulation for the perforation backed by absorbing material in the presence of grazing mean flow. They concluded that the absorbing material increased the perforation impedance and the results were strongly dependent on the density of absorbing material immediately adjacent to perforations. They also argued that the interaction among holes could be neglected and thus the formulation for single hole could be used for a multihole perforation. Selamet et al. ͑2001͒ adapted the concept of Kirby and Cummings by modifying the formulation of Sullivan and Crocker ͑1978͒ for the perforations facing air-fibrous material. They illustrated the significant impact of perforation impedance on the transmission loss of dissipative silencers particularly with low porosity. The foregoing studies with the absorbent, however, are limited to developing expressions for the acoustic impedance of perforations by intuitive modifications of the available no-fiber relationships. Hence, the predictive studies on the acoustic performance of dissipative silencers have thus far used the perforation impedance with air, or its alternatives with such heuristic modifications.
The present study experimentally determines the acoustic impedance of perforations facing air-air ͑air on both sides͒ and air-fibrous material ͑air on one side and fibrous material on the other side͒ directly in the absence of mean flow. First, the measurement methodology developed in this study is applied to the perforations facing air-air, and the results are compared with the available literature. Then, the impedance of perforation in contact with air-fibrous material of f = 100 and 200 kg/ m 3 is also experimentally acquired. Since accurate acoustic properties of the fibrous material are necessary for the measurement of acoustic impedance of perforations in contact with the material, the characteristic impedance and wave number of the material are also experimentally obtained in this work.
Following this Introduction, Sec. II presents the definitions of perforation impedance and existing formulations and Sec. III describes the experimental setups and data reduction. Section IV gives the results of acoustic properties of fibrous material and acoustic impedance of perforations followed by the concluding remarks in Sec. V.
II. DEFINITIONS OF PERFORATION IMPEDANCE AND EXISTING FORMULATIONS

A. Definitions of perforation impedance
The acoustic impedance is the ratio of the pressure difference across perforations to the particle velocity ͑Fig. 1͒. Two available definitions of the impedance differ by the way the particle velocity is specified. One uses the particle velocity u h at the hole in Fig. 1 , and the other the velocity u 1 or u 2 in the duct. These definitions and the relationship in between are introduced next.
The specific acoustic impedance of a hole is defined as
where p 1 and p 2 are the acoustic pressures before and after the perforated plate, respectively, as shown in Fig. 1 ; 0 the air density; c 0 the speed of sound in air; k 0 the wave number in air; R s the specific resistance; L s the specific inertance; and
the effective length of the hole, where t w is the wall thickness, d h the hole diameter, and ␣ the end correction coefficient. The coefficient ␣ is dependent on the hole geometry and the characteristics of medium in contact with the hole. The nondimensional acoustic impedance of a hole is then given by
where Z 0 = 0 c 0 is the characteristic impedance of air and R is the dimensionless resistance. The nondimensional acoustic impedance of a perforated plate can be defined as
where the particle velocity u 1 in the duct is related to u h through conservation of mass by 
n h being the number of holes, A h the area of a hole, and the porosity. Equations ͑3͒-͑5͒ yield the relationships between the impedance of a hole and a plate as
While the impedance of a hole is representative of the acoustic characteristics of an isolated single perforation, it is the impedance of a plate typically used in the analyses, for example, in transmission loss predictions. The impedance of a plate p is usually measured first, the impedance of a hole h is then calculated using Eq. ͑6͒.
B. Existing formulations
The empirical relationship of Sullivan and Crocker ͑1978͒ given by
has been widely used for the perforation impedance with air-air contact. This expression was obtained using a perforation with = 4.2%. In Eq. ͑7͒, the coefficient 0.75 is associated with the end correction of the perforation. While the theoretical maximum value is 8 / 3͑Х0.85͒ for a single hole with an infinite flange, the coefficient may be smaller for multiholes due to the interaction among holes. Melling ͑1973͒ graphically illustrated such interaction between two holes. Kirby and Cummings ͑1998͒ suggested a semiempirical acoustic impedance p for perforated plates facing air-fibrous material by modifying p that faces air-air as
In Eq. ͑8͒, half of the end correction for a perforation facing air-air ͑the first term inside the parentheses͒ is combined with a second term to account for the effect of the fibrous material. However, the use of Eq. ͑8͒ for dissipative silencers leads to erroneous transmission loss predictions possibly due, according to Kirby ͑2001͒, to an overestimated perforation impedance. Such overestimation may be attributed to the ignored interaction among holes. Selamet et al. ͑2001͒ adapted the concept by applying Eq. ͑7͒ to the perforations facing air-fibrous material as follows:
In Eq. ͑9͒, the effect of absorbent is considered with the complex characteristic impedance Z and wave-number k of the material, thus both real and imaginary parts of the impedance can be modified in Eq. ͑9͒. Since it is obtained by modifying Eq. ͑7͒ based on = 4.2%, Eq. ͑9͒ is expected to be valid near this particular porosity.
III. EXPERIMENTAL SETUP AND DATA REDUCTION
An impedance tube setup shown in Fig. 2 ͑Refer, for example, to Dickey et al., 2000 or Selamet et al., 1994 , for details͒ is modified for the measurements of characteristic impedance and wave number of the absorbing material, and the acoustic impedance of perforations in the absence of mean flow, particularly in contact with the material. The resulting setups and the data reduction for such measurements are described next.
A. Measurement of characteristic impedance and wave number of fibrous material
A transfer function method with two different termination conditions ͑Fig. 3͒ in conjunction with the impedance tube of Fig. 2 is developed to acquire experimentally the complex characteristic impedance and wave number of the fibrous material in the absence of mean flow. A sample of absorbing material is mounted inside the main duct bounded by wire screens with a porosity higher than 75% defining the locations a and b in Fig. 3 . Transfer functions among the microphones and two measurements with distinctly different terminations are required in the present method to determine the complex characteristic impedance and wave number of the absorbing material in the frequency domain. Anechoic and fully reflective boundaries are applied as two different termination conditions.
The transfer matrix, which expresses the relationships between acoustic pressure and velocities at the surfaces a and b of the sample, is given for the first termination in terms of the complex characteristic impedance Z , the wave-number k, and the length of the sample ᐉ f as 
and for the second termination ͑designated by prime͒
͑11͒
Combining Eqs. ͑10͒ and ͑11͒ and rearranging yields
where Fig. 3 . The transfer matrix between the sample surface a and microphone 2 ͓for a straight pipe of constant cross-sectional area ͑Munjal, 1987͔͒ is given by, for the first termination
In Eq. ͑13͒, the acoustic velocity u m2 at microphone 2 can be expressed in terms of pressure measurements, p m1 and p m2 at microphones 1 and 2. In light of
u m2 is given by
which expresses the acoustic pressure and velocity at the sample surface a in terms of pressures alone measured at microphones 1 and 2. Similarly, the acoustic pressure and velocity at the sample surface a for the second termination is given by
The acoustic pressure and velocity at sample surface b can be similarly expressed in terms of pressures measured at microphones 3 and 4 for the first termination as
and for the second termination
The complex characteristic impedance and wave number of the sample can then be obtained from Eq. ͑12͒ and Eqs. ͑16͒-͑19͒. The complex characteristic impedance Z is given, in terms of T 2 and T 3 of Eq. ͑12͒, by
and the complex wave number, in terms of T 1 or T 4 of Eq. ͑12͒, by
Measured T 1 and T 4 of Eq. ͑12͒ are expected to be identical. However, that may not be exactly true in experiments due, for example, to inhomogeneity in the filling and imperfect sample surfaces. Thus, the complex wave number is obtained in the present study using an average of T 1 and T 4 as
B. Measurement of acoustic impedance of perforations
Once the acoustic properties of the absorbing material are obtained, the acoustic impedance of perforations in contact with the absorbent on one side can be also determined experimentally. Unlike the acoustic properties of the absorbing material, only a single experiment with one termination is adequate for the measurement of perforation impedance. An anechoic termination is applied to reduce the interferences at microphones by the reflected wave from the termination. In view of Fig. 4 , replacing u 1 of Eq. ͑4͒ by u c gives the acoustic impedance of a perforated plate as
where p c and p d are the acoustic pressures at the perforation surfaces contacting air and absorbing material, respectively, and u c is the acoustic velocity in the duct at the perforation surface. The quantities p c and u c are determined in terms of pressures measured at microphones 1 and 2 from Eq. ͑16͒ as
The acoustic pressure and velocity at the perforation surface in contact with the fibrous material are expressed in terms of a series of transfer matrices and the pressures measured at microphones 3 and 4 as
where
is the transfer matrix between surfaces a and b, and
is the transfer matrix between surface b and microphone 3. Finally, the perforation impedance can be determined from Eqs. ͑23͒-͑27͒ and sound pressure measurements at four microphones. In Eq. ͑23͒, experimentally determined acoustic velocities u c and u d at the perforation surface may not be exactly identical in experiments. Thus, an average of the two velocities is used for the calculation of perforation impedance as
The same setup and the data reduction technique are also used for the measurements of acoustic impedance of perforations without the fibrous material.
IV. ACOUSTIC PROPERTIES OF FIBROUS MATERIAL
A modified impedance tube setup described in the preceding section is used to experimentally obtain the complex characteristic impedance and wave number of fibrous material. The present study focuses on two filling densities ͑ f = 100 and 200 kg/ m 3 representing approximate bounds in practical applications͒, and experimentally determines their acoustic properties. These properties are then directly applied to the measurements of acoustic impedance of perforation in contact with the fibrous material. The precise measurements of the distances between the sample surfaces and microphones or among microphones are critical in the experiments. The accuracy within 0.1 mm for the materials with well-defined surfaces is recommended by ASTM 1050-98 ͑1998͒. However, such a precise physical measurement may not be possible due, for example, to the difficulty in finding the centers of the microphones with their diameter of 6.35 mm ͑1/4 in.͒. Thus, the distances ᐉ 1 through ᐉ 4 and the sample length ᐉ f in Figs. 3 and 4 are acoustically estimated using quarter wave resonances ͑Katz, 2000͒. The estimated distances by this method are as follows: ᐉ 1 = ᐉ 4 = 3.55 cm, ᐉ 2 = 12.81 cm, ᐉ 3 = 12.71 cm, and ᐉ f = 10.16 cm. When ᐉ f is too short, the impact of inhomogeneous filling tends to magnify. On the other hand, too long of a sample is detrimental to transferring sufficient sound energy to the downstream microphones due to wave dissipation through the material, particularly at high frequencies. Therefore, ᐉ f was chosen to balance these competing factors. An accurate estimation of speed of sound is also important for the measurements, which is calculated here by c 0 = 20.047 ͱ 273.15 + T C ͓m/s͔, ͑29͒ as suggested by ASTM 1050-98 ͑1998͒. All experiments were performed at the room temperature, T C =19±1°C.
A. Fiber samples
Advantex
® continuous-strand glass fiber developed by Owens Corning ͑Novi, MI͒ is used in the experiments. The texturization process separates filament roving strands of fiber glass into individual filaments by turbulent air flow ͑Silentex TM process͒. The average diameter of the individual filaments in the roving strand is 24 m. In addition to the acoustic properties, high thermal and corrosion resistance of the Advantex ® glass fiber may also be desirable particularly for the exhaust systems. The physical and chemical properties of various absorptive materials and their relative durability in automotive silencer operations have been described by Beranek ͑1988͒ and Huff ͑2001͒.
Absorbent samples, 10 cm long and 4.9 cm in diameter and with two different filling densities f = 100 and 200 kg/ m 3 , are placed in the test tube ͑Fig. 2͒. Densities significantly lower than f = 100 kg/ m 3 may cause the movement of fibers inside the silencers and higher than f = 200 kg/ m 3 may be undesirable in terms of cost, weight, and in some cases acoustic attenuation.
Random filling is applied to achieve overall isotropic and homogeneous conditions. However, partially or locally nonisotropic or inhomogeneous regions may exist due, for example, to the hand filling of the absorbent into the test tube. Thus, experiments with five different samples for each filling density are performed to examine the effect of variations in filling conditions. An average of five individual experiments is then used as the final result. The present study uses a well-texturized condition, which has mostly individual filaments. The front surfaces of the absorbent sample also need to be well defined in the experiments. The surfaces of the sample perpendicular to the direction of wave propagation are identified by two screens. The screens have a high porosity not to influence the surface properties of the absorbent and sufficiently high tension to hold the absorbent flat at the surface.
B. Characteristic impedance and wave number
The normalized empirical complex characteristic impedance Z and the wave-number k of Delany and Bazley ͑1970͒ for fibrous materials in mks units
have been widely used due to its simplicity and accuracy.
Here f is the frequency in hertz and R f the flow resistivity which is primarily dependent on the fiber diameter, layer orientation, and filling density. Although the Delany and Bazley formulation is well representative of the acoustic behavior of fibrous material in general, the present study experimentally determines the complex characteristic impedance and wave number of specific fibrous material since the process of data reduction for perforation impedance requires accurate ͑rather than simply somewhat representative͒ acoustic properties of the material in contact with the perforations. The present study has retained the forms of Eqs. ͑30͒ and ͑31͒, since they provide suitable fits. The curve-fitted complex characteristic impedance and wave number based on the averaged values of five experiments are expressed by
with the coefficients presented in Table I for both filling densities of f = 100 and 200 kg/ m 3 . The function "fit" of MATLAB ® is applied for all curve fits in the frequency range of 100-3200 Hz. At lower frequencies, two distinct termination conditions may not be achieved, which are necessary for accurate results, due to the imperfect anechoic boundary. The accuracy of the measurement at low frequency is also limited by the microphone spacing ͑ASTM 1050-98, 1998͒. Figure 5 shows, for example, the characteristic impedance and wave number for f = 100 kg/ m 3 . The curve fits represent most of the data points well, particularly for the wave number.
V. ACOUSTIC IMPEDANCE OF PERFORATIONS
The acoustic impedance of perforations in contact with air-fibrous material is different than the one facing air-air due to the influence of absorbing material. The fiber filling density and texturization condition in contact with the perforation are particularly important. Ingard ͑1954͒ claims that the fiber properties only within a distance of one hole diameter are significant. Thus, the air gap between the perforation and the fibrous material may also alter the perforation impedance. The present study considers only the perforations directly in contact with the fibrous material without the air gap. Acoustic impedance of perforations facing air only and air-fibrous material is measured in the present study using the impedance tube presented in Fig. 4 and methodology described in Sec. II. The averaged results from five experiments with different fibrous material samples are utilized in the data reduction.
A. Perforation plate samples
Table II presents 11 samples of circular plates considered in this study with different porosity , wall thickness t w , and hole diameter d h to investigate the effect of such parameters on the perforation impedance. Figures 6 and 7 provide, respectively, the detailed dimensions and the photos of the circular perforated plates used in the present study. Perfora- tions facing air-air with higher than 10% porosity have not been, in general, considered in the literature since the effect of varying perforations at high porosities on the transmission loss of perforated silencers is insignificant. However, with the fibrous material, the transmission loss may be affected by the perforation impedance even at higher porosities. Thus, four porosities ͑ = 2.1, 8.4, 13.6, and 25.2 %͒ are used in the present study, defined by the area ratio of all holes to the plate. The samples are categorized into three groups ͑Table II͒; ͑1͒ group A is the base with d h = 0.249 cm and t w = 0.08 cm; ͑2͒ group B has the same hole diameter as group A and doubles the wall thickness to t w = 0.16 cm; and ͑3͒ group C has the same wall thickness as group A, while doubling the hole diameter to d h = 0.498 cm. The numbers ͑1-4͒ after the group identification by ͑A-C͒ in Table II designate different duct porosities. The holes on the plates are distributed to achieve similar distances between the holes in the vertical and horizontal directions. For impedance measurements, the circular sample plates are installed in the impedance tube of 4.9 cm inner diameter, as shown in Fig. 4 . The distance from the tube wall to the nearest hole is chosen to be longer than the distance between holes in order to minimize the effect of the interaction between holes and the wall.
B. Acoustic impedance of perforations in contact with air alone
The dimensionless resistance R and the end correction coefficient ␣ in Eq. ͑6͒ of the perforation samples with air-air contact are experimentally determined using the impedance tube setup depicted in Fig. 4 . While this setup is originally designed to measure the impedance of perforation facing fibrous material, it can also be utilized for the perforation in contact with air only. For each perforation plate, five experiments are performed, and their averaged values are then used to obtain R and ␣. The end correction coefficients are calculated from the curve-fitted reactance in the frequency range of 100-3200 Hz for most samples. The only exception is A1 and B1 with = 2.1% which are curve fitted in the range of 100-2600 Hz due to the unstable signals at frequencies higher than 2600 Hz. The mean values of resistance in the same frequency range are also obtained. Figure 8 presents the measured R and ␣ ͑also given in Table III͒ for the perforation samples of Table II , facing airair. Figure 8͑a͒ shows that the resistance R decreases as the porosity increases, particularly from = 2.1 to 8.4 %. Group B ͑t w = 0.16 cm͒ has higher resistance than group A ͑t w = 0.08 cm͒, due to the doubled wall thickness. The resistance 0.006 obtained by Sullivan and Crocker ͑1978͒ for = 4.2% falls in between the range of = 2.1 and 8.4 % in Fig.  8͑a͒ . Figure 8͑b͒ illustrates the effect of porosity, wall thickness, and hole diameter on ␣, thus reactance of the perforation impedance. As the porosity increases, ␣ decreases because of the shorter distance between the holes, hence a stronger interaction among the holes. Groups A and B have similar values of ␣ indicating that the end correction coefficient is essentially independent of the wall thickness. Group C has higher values of ␣ than those of group A presumably due to the larger hole diameter resulting in a longer distance among the holes, thereby reducing the interaction. The end corrections obtained in the present study are lower than 0.75 of Sullivan and Crocker ͑1978͒ for all porosities, possibly due to different distance between holes.
C. Acoustic impedance of perforations in contact with fibrous material
The experimental results for R and ␣ of the perforations facing an absorbent with f = 100 and 200 kg/ m 3 as well as air alone are shown in Figs. 9-11, for groups A, B, and C, respectively, and Table III . Figures 9-11 show that fibrous material substantially increases both resistance and end correction coefficients for all three groups. The resistance R of f = 200 kg/ m 3 are higher than those of lower filling density f = 100 kg/ m 3 for all samples. The effect of different filling density on ␣ diminishes for the samples A4 and B4. The average increases of R over all 11 samples ͑recall Table II͒ due to the fibrous material are reflected by factors of nearly 5 and 10 relative to the baseline with no fiber for f = 100 and 200 kg/ m 3 , respectively, whereas the average ␣ is approximately only doubled for both fiber densities. Thus, the impact of fibrous material on the resistance is more significant than on the end correction coefficient. The imaginary part of the perforation impedance depends also on the frequency, the hole diameter, and the wall thickness ͓recall Eq. ͑3͔͒.
For groups A ͑Fig. 9͒ and B ͑Fig. 10͒, as the porosity increases, ␣ decreases for both filling densities except for one sample ͑A4 with = 25.2% and f = 100 kg/ m 3 ͒. For the same groups, R decreases with porosity up to = 13.6%, and then increases to that of = 25.2%. Group C ͑Fig. 11͒ with d h = 0.498 cm exhibits some differences from groups A and B with d h = 0.249 cm; R of = 25.2% is lower than that of = 13.6%, and the change of ␣ from = 13.6 to 25.2 % is more dramatic than from = 8.4 to 13.6 %.
Table IV presents relative standard deviations ͑ R / R and ␣ / ␣͒ for R and ␣ calculated from five repeat experiments with air alone and with fibrous material. R / R is usually higher than ␣ / ␣, and both deviations, in general, increase with the porosity. R / R and ␣ / ␣ for f = 200 kg/ m 3 are, in most cases, greater than those for f = 100 kg/ m 3 , possibly due to relatively nonhomogeneous filling conditions, including texturization of the fiber, for the higher density. The texturization of the absorbent may substantially affect the acoustic impedance of perforations in contact with this material ͑Lee, 2005͒. The present study has provided the impedance of perforation in contact with well texturized fibrous material. 
VI. CONCLUSIONS
The understanding of the acoustic behavior of the fibrous material and perforations is critical for the design of dissipative silencers. Therefore, the present study has developed experimental setups to measure: ͑a͒ the complex characteristic impedance and the complex wave number of the fibrous material, and ͑b͒ the acoustic impedance of perforations, particularly in the presence of absorbing material.
The characteristic impedance and wave number of the fibrous material with two filling densities ͑ f = 100 and 200 kg/ m 3 ͒ are obtained using a modified impedance tube setup with four microphones and two different termination conditions. The averaged values from five samples are curve fitted as a function of frequency. These curve fits represent most of the data points well, particularly for the wave number at both filling densities. The characteristic impedance and wave number inferred from the experiments are then used for the measurement of acoustic impedance of perforations in contact with the fibrous material.
A new experimental setup has been developed in the present study for the measurement of acoustic impedance of perforations in contact with the fibrous material as well as with air alone in the absence of mean flow. The resistance R and the end correction coefficient ␣ of 11 perforation samples with different porosities ͑ = 2.1, 8.4, 13.6, and 25.2 %͒, hole diameters ͑d h = 0.249 and 0.498 cm͒, and wall thickness ͑t w = 0.08 and 0.16 cm͒ are measured along with the fibrous material of f = 100 and 200 kg/ m 3 . For the perforations without fibrous material, the resistance R and the end correction coefficient ␣ decrease as the porosity increases. The fibrous material significantly increases both R and ␣ compared to the perforation in contact with air only. For both filling densities, both R and ␣ decrease as the porosity increases, except for some of the samples with highest porosity ͑ = 25.2% ͒. 
